A debate over whether the observed specificity of the naive T-cell receptor repertoire for major histocompatibility complex molecules arises before or after selection within the thymus has apparently been settled in favour of the former by a series of new experiments.
The selected T cells emerge from the thymus as mature, self-MHC restricted and self-tolerant cells, bearing either CD4 if their T-cell receptors are MHC class II restricted (so they will become helper cells), or CD8 if they are MHC class I restricted (and will become killer cells). Exactly how this process is managed, and which of these selective processes is decisive in T-cell development, have been addressed in a variety of ways over the years. One question that remains controversial is whether the observed bias of mature T cells towards recognition of non-self MHC molecules results from an inherent ability of T-cell receptor genes to encode receptors that recognize MHC molecules, or whether this bias results from intrathymic selection on self-MHC molecules, be it positive or negative. Zerrahn et al. [3] set out to test the former possibility by examining T cells that matured in the absence of MHC molecules altogether.
The strategy adopted by Zerrahn et al. [3] was simple: they cloned T cells that cannot have been selected on MHC molecules, because there were no MHC molecules present in the donor mouse. This was achieved by using mice that had their MHC class I and MHC class II genes knocked out by homologous recombination. It is known that these mice do not select any mature T cells at all, so to circumvent this difficulty, they stimulated T cells with a mixture of anti-␤ chain and anti-CD4 antibodies. These stimuli generated CD4 T cells which should be unbiased, as the anti-␤ chain antibody is specific for the constant domain of the ␤ chain. After a week in vitro, these MHCdeficient T cells were fused with a T-cell-receptor-negative T-cell tumor to form T-cell hybrids. As a control, Zerrahn et al. examined the same CD4 T-cell population from mice that expressed the MHC class II molecule I-A b , and are presumed to have a normal T-cell receptor repertoire.
When Zerrahn et al. [3] screened these two panels of T cell hybridomas, they found that the cells had precisely the same reactivity to non-self MHC class II -known as 'alloreactivity' -regardless of whether they were raised in a MHC-negative or in a MHC class II-positive environment. The only difference was the absence of I-A b -reactive T-cell hybrids when the CD4 T cells were raised in an I-A b environment, which is the result of clonal deletion following antigen recognition. Their limiting dilution data were consistent with their hybridoma data, except that they found only 1 in 500 cells to be alloreactive, rather than the 1 in 20 alloreactive cells found in the hybridoma screen. This they attribute to the inefficiency of the limit dilution cloning strategy. Similar conclusions are reached by Vidovic et al. in their recent study [4] . By targeted gene inactivation, these authors made mice that express MHC class II A␤ chains in the absence of A␣ chains. They found that the A␣-free A␤ molecule is recognized very poorly by T cells from mice of a different MHC genotype, indicating that the A␤ alone cannot mimic a normal ␣␤ heterodimer. The T cells from the mutant mice, however, showed normal alloreactivity towards a series of foreign ␣␤ class II heterodimers, despite never having been exposed to such molecules during their development. The authors inferred that the alloreactivity of the receptors expressed by these T cells must be encoded in their germline genes, and is not a product of intrathymic selection.
Early last year, several papers [5] [6] [7] [8] were published that all arrived at the same conclusion: that negative selection, which eliminates cells specific for self-MHC-self-peptide complexes, is the main force shaping the T-cell receptor repertoire. This conclusion was based on studies with mice developed to express a single peptide associated with self-MHC class II molecules. The experiments showed that selecting all the T cells on a single peptide-MHC complex nevertheless produced about onethird of the normal level of CD4 T cells. The selected CD4 T cells had a normal distribution of T-cell receptor ␤-chain variable domain usage, as determined by staining with a panel of monoclonal antibodies.
Ignatowicz et al. [5] went on to show that 70% of the Tcell hybrids derived from their mice reacted with self-MHC molecules binding a normal array of self peptides. The other papers [6] [7] [8] came to similar conclusions, although only Ignatowicz et al. [5] reported quantitative data. In accordance with earlier findings, these same T cells did not respond to the peptide-MHC complex on which they were themselves selected. Thus, they maintained self tolerance, but were highly skewed toward reacting with self-MHC molecules. All of these T cells, and perhaps some others (see below), would normally be deleted to preserve self tolerance. This raised the possibility that negative selection in the thymus is the main influence on the T-cell receptor repertoire of mature CD4 T cells. However, recent data cast some doubt on these conclusions: it appears that other self-peptides are bound to the MHC class II molecules in these mice, as antibodies that fail to bind to the single peptide blocked T-cell development when added to cultures of fetal thymus (A. Rudensky and A. Chervonsky, personal communication).
How do other data sit with these new findings? Recently, van Meerwijk et al. [9] reported a similar experiment in mice that were irradiated and repopulated by bone marrow from MHC class II positive or negative mice. It is thought that positive selection is driven by the MHC molecules expressed on radiation-resistant thymic elements, whereas negative selection depends at least in part on the bone-marrow-derived cells used to repopulate the thymus. van Meerwijk et al. [9] counted the number of CD4 T cells produced by thymuses whose bone marrow-derived cells did or did not express MHC class II moleules. They found a 30% excess production of CD4 T cells in the absence of bone-marrow-derived MHC class II positive cells, from which they conclude that negative selection removes about 25% of the mature T-cell repertoire. It is possible that the epithelial cells of the thymus can also delete further cells, which was not tested in these experiments, but this mechanism is unlikely to remove most of the cells, as predicted by Ignatewicz et al. [5] , especially given the results of Zerahn et al. [3] which were obtained in similar assays.
The quantitative difference between the results of Zerrahn et al. [3] and Vidovic et al. [4] , and those of van Meerwijk et al. [9] , could be explained by postulating that negative selection occurs at a lower threshold of T-cell receptor engagement than reactions to allogeneic or syngeneic MHC molecules. Earlier data from our laboratory [10] and from Hengartner's laboratory [11] suggested a difference in these two thresholds that could easily explain these different results. Zerrhan et al. [3] and Vidovic et al. [4] used responsiveness to peptide-MHC complexes as their assay, whereas van Meerwijk et al. [9] used the generation of CD4 T cells. What is clear from both sets of data, however, is that the MHC specificity of T-cell receptors originates in their germline genes. The high frequency of alloreactivity of the T-cell receptor does not appear to depend on contact with MHC molecules encountered during their development within the thymus. The debate about whether positive or negative selection is the major force selecting the T-cell receptor repertoire must wait a new approach for its resolution.
